Interspecific genome size variation among organisms is enormous with up to 2 )/10 5 -fold differences in genome size among eukaryotes only (reviewed by GREGORY 2001a), and genome size varies also at intraspecific level in many taxa (plants: SCHMUTHS et al. 2004; Drosophila : VIEIRA et al. 2002; mammals: RAMIREZ et al. 2001) . In amphibians, genome size varies 130-fold (1C 0/0.95 Á120 pg; GREGORY 2003) among species, and also large intraspecific variation has been documented in a few cases (VINOGRADOV and CHUBINISHVILI 1999; BORKIN et al. 2001) . Intraspecific genome size variation is expected also between sexes in species with well-differentiated sex chromosomes, and these differences have provided a tool for sex-identification with flow-cytometry (NAKAMURA et al. 1990; DE VITA et al. 1994; TIERSCH 2003) .
Although many frog species are easy to sex as adults on the basis of secondary sexual traits or other phenotypic traits, this is not generally true in the case of juveniles of most species. Tadpoles and juveniles of many species, such as the common frog (Rana temporaria ) lack any external sex-specific traits. For some species, sex-specific genetic markers have been developed (SAKISAKA et al. 2000) , but due to the complexity and diversity of amphibian sex determination systems (HAYES 1998; EGGERT 2004) , universal sex-specific markers are unlikely to exist. Consequently, ecological and evolutionary studies on amphibian sex-ratio variation are often hampered by lack of methods for sex identification.
The aim of this study was to investigate a genome size variation in R. temporaria to establish whether a genome size could be used as a tool in sex-identification of juvenile frogs. Furthermore, by analyzing individuals from three different populations, we wished to probe whether there is interpopulation variation in genome size in this species, as well as to verify that possible sex differences would be similar in different populations.
MATERIAL AND METHODS

Samples
Adult frogs were collected in April ÁJune 2004 from three ponds situated in southern (Barsjö n, 56811?N, E13831?E) and northern (Härnö sand, 62837?N, 17859?E; Sö derhamn, 61816?N, 17811?E) Sweden with the permission of county administrations in Skåne, Gävleborg and Västernorrland counties. Ten females and ten males were sampled from Sö rderhamn and Härnö sand, and eleven females and males from the Barsjö n (Table 1) . Frogs were sexed according to unambiguous phenotypic criteria verified later by gonadal inspection. They were anesthetized with overdose of MS-222, their livers dissected and frozen immediately in liquid nitrogen. Samples were transported to Helsinki and stored at (/708C until analyzed. Blood cells from one chicken (Gallus gallus) Á used as reference in flow cytometry (see below) Á were obtained from the Viikki Research Farm of the University of Helsinki. Chicken blood was sampled in a heparin coated tube (Terumo), and equal volume of phosphate-buffered saline (PBS) was added and centrifuged at 500g for 5 min after which the upper layer of the solution was removed. After two times washing with PBS, blood cells were dissolved in a freezing buffer [5% DMSO (v/v), 240 mM sucrose, 40 mM sodium citrate (pH 7.6)] at a volume equal to a pellet size. Red blood cell solutions were frozen by dropping in liquid nitrogen and red blood cell (RBC) drops were stored in (/708C until staining.
Staining
About a 3 mm 3 -sized piece of frozen frog liver was minced in PBS-buffer. To remove tissue residues, the solution was passed through a cotton mesh and then centrifuged at 500g for 5 min. Cells at the bottom of the tube were dissolved in a 500 ml of buffer A [10 mM Tris-HCl (pH 7.4), 10 mM CaCl 2 , 3 mM MgCl 2 , 0.5% Triton X 100]. Propidium iodide (PI) and RNase A were added to samples at a final concentration 50 mg ml (1 and 20 mg ml (1 , respectively. Samples were filtered through 50 mm mesh and kept at 48C in the dark for more than 2 h until analyzed with flow cytometry. Reference chicken RBCs were used to calibrate the flow cytometric measurements before each run, and 5Â/10 ml chicken RBCs were added to each frog sample so as that the frog and chicken samples were co-ran.
Flow cytometry
Flow cytometry was performed with a FACScan (Becton Dickinson) flow-cytometer. An Argon laser with wavelength 488 nm was used to excite PI. During the counts, flow rate was kept at 100 Â/500 cells s (1 . At least ten thousand nuclei in G0 phase (cell senescence) and/or G1 phase (first interphase of cell cycle) were analyzed in the frog samples with chicken RBC sample as an internal reference. Peak mean and coefficient of variation (CV) in areas not including doublets or cramp cells were calculated by Cell Quest Pro program ver 4.0.1 (Becton Dickinson). The mean CV for the 62 samples was 3.08%. DNA content was converted from the relative units (chicken) to pico-grams (SOUZA et al. 2004 ) by using the following formula:
where G0 refers nuclei number in cell senescence and G1 in first interphase of cell cycle. This formula assumes that the chicken cell DNA content is 2.5 pg cell (1 (VINOGRADOV 1998).
Statistical analyses
Genome size variation among populations and between sexes were analyzed with ANOVA as implemented in PROC GLM of SAS statistical package (ver. 6.12) using type III sums of squares. To check the repeatability of genome size estimates, 28 individuals were analyzed with flow cytometry twice and subjected to a one-way analysis of variance as detailed e.g. in SOKAL and ROHLF (1981; p. 216) .
RESULTS
Repeatability
One-way ANOVA revealed that the genome size measurements were accurate: only 3.3% of the variation was attributable to measurement error (i.e. within individual variation), the rest (96.7%) being among individuals (i.e. repeatability; F 27,28 0/60.44, pB/0.001).
Sex and population differences
The mean (9/SE) DNA content per individual based on the whole data was 9.961 (9/0.083) pg ranging from 8.823 to 11.266 pg. ANOVA revealed significant variation in the mean DNA content both between sexes and populations (Table 2 ). Females had on average 2.9% larger genomes than males ( Fig. 1) , and the frogs from the southernmost population had significantly (ca 12%) smaller genomes than those from the two northern populations (Fig. 1) . However, the individual variation in the DNA content within each of the populations and sexes was so large, that these measures cannot be used reliably in sex identification.
DISCUSSION
The most important findings of this study were the moderate and very large differences in average genome size between sexes and different populations, respectively. In the following, we will consider some of the implications of these findings for our understanding of sex identification and differentiation in R. temporaria , as well as for our understanding of genetic differentiation among R. temporaria populations. In species with XY or ZW sex chromosome system, the heterogametic sex has typically a smaller genome than the homogametic sex as the Y and W chromosomes are smaller than X and Z chromosomes (BLOOM 1974) . This simple fact has been exploited successfully in sex-identification by flow cytometry (DE VITA et al. 1994; CAVALLO et al. 1997; TIERSCH 2003) . Although we found that that females had on average larger genomes than males in R. temporaria , the overlap in genome size was considerable, and hence, flow cytometry cannot be used to sex common frogs reliably. Nevertheless, the results support the contention that males in this species are the heterogametic sex, albeit the difference in size of sex chromosomes is likely to small. This is consistent with the fact that R. temporaria does not appear to have clearly differentiated sex chromosomes (WITSCHI 1929) . In fact, WITSCHI (1929) suggested that common frogs have a XY-system, but that male sex factor would be located in autosomes and female sex factor in the X-chromosome with an allelomorph in the Y chromosome. However, we are not aware of any study describing R. temporaria karyotypes in detail, and our own attempts to develop sex-specific genetic markers with AFLP techniques have so far been unsuccessful (C. Matsuba and J. Merilä, unpubl.) . This all suggests that R. temporaria might not have well differentiated sex chromosomes, and that the chromosomes involved with sex-determination might be still recombining as appears to be the case in many species of fish (STEIN et al. 2002) .
The two northern populations had larger mean DNA content than the southernmost population. The difference in DNA content between the two most divergent populations was surprisingly large (ca 12%) as compared to maximum values from other intraspecific studies (e.g. 8.6% in common spadefoot toad Pelobates fuscus, BORKIN et al. 2001, and 9.2% in Arabidopsis thaliana, SCHMUTHS et al. 2004) . These large differences across a relatively short geographic distance were unexpected and raise the question about the causes behind this differentiation. Although the data suggests larger genomes in the north than in the south, the question whether there is latitudinal cline in genome size in this species across Sweden Á as there is in variability in microsatellite loci (PALO et al. 2004; LESBARRERES et al. 2005 ) and many quantitative traits (PALO et al. 2003 )-remains to be investigated. This in particular because the genome size difference even between the two northernmost populations was large (ca 6%), and geographic processes acting on small scale may have influence on genome size.
Recently, LYNCH and CONERY (2003) showed that genome size is positively associated with gene duplication, increasing intron size and number, and accumulation of transposable elements in the genome, but negatively with parameter N e m, where N e is the effective population size, and m is mutation rate per nucleotide. They suggested that the N e is the key parameter in genome evolution (see also CHARLESWORTH and BARTON 2004) . In this perspective, it is interesting to note that the average census population size in R. temporaria declines towards the north (JOHANSSon et al. 2005) , as does also genetic variability in neutral marker genes (PALO et al. 2003 (PALO et al. , 2004 JOHANSSON et al. 2005) . Hence, although an explicit test has to wait for the sampling of a larger number of populations, the larger genomes in smaller northern R. temporaria populations than in the larger southern R. temporaria populations are in accordance with the LYNCH and CONERY (2003) However, given the difficulties in standardization, it is unclear whether this range of variation reflects large intraspecific variability (ca 6.6 Â/10.6 pg), or methodological differences. Nevertheless, given that there exists at least two genetically distinct lineages of common frogs in Europe (PALO et al. 2004) , and that we found up to 13% difference in mean genome size between populations situated only 707 km apart, even larger differences in mean genome size over larger distances is to be expected. Further studies with more extensive sampling covering a larger geographic area will shed more light on this expectation.
